We demonstrate the excitation of second harmonic radiation of noncentrosymmetric nanoparticles dispersed on a planar optical waveguide by the evanescent field of the guided mode. Polarization imaging reveals information on the orientation of the crystal axis of individual nanoparticles. Interference patterns generated from adjacent particles at the second harmonic frequency are -to the authors knowledge -observed for the first time. The actual form of the interference pattern is explained on the basis of a dipole radiation model, taking into account the nanoparticles' orientation, surface effects, and the characteristics of the imaging optics. 
Introduction
Planar optical waveguides have already been used as a suitable excitation platform in a number of fluorescence analysis applications. [1, 2, 3] They enable highly efficient and selective excitation of fluorescent molecules in close proximity to the waveguide surface by the evanescent field of the guided mode. Typically the waveguide is composed of a single layer of a metaloxide with high index of refraction. High intensity of the evanescent field is assured by using an appropriate film thickness for single mode operation, usually in the range of 100 -200 nm. The strong evanescent field of such waveguide modes allows the design of highly sensitive devices and provides the possibility for two-photon fluorescence excitation on comparatively large areas. [4, 5] Inorganic non-centrosymmetric nanocrystals, often referred to as SHRIMPs (Second Harmonic IMaging Probes), have attracted increasing attention and stimulated a wide series of proposals for their applications in bioimaging [6, 7, 8] , micromanipulation [9] , and exploitation of their coherent optical response [10, 11, 12] since the appearance of the first studies on their nonlinear optical properties. Due to their sub-wavelength dimensions and related absence of phase-matching constraints [13] , there is no spectral limitation for the nonlinear excitation of such nanoparticles. Moreover, in contrast to resonantly excited nanoprobes (such as fluorescent molecules and quantum dots), SHRIMPs are not affected by bleaching nor blinking, the former being one of the principle drawbacks reported in previous waveguide experiments. [5] In this work we demonstrate non-scanning excitation of the second harmonic (SH) response of several individual SHRIMPs scattered over a large area on a planar waveguide. Although evanescent-field-induced two-photon fluorescence was already demonstrated for homogenous organic layers, this work provides for the first time the evidence of non-scanning evanescent excitation of the SH response of nanometric objects. In a similar context, it should be highlighted the experiment realized by the Prasad group on nonlinear excitation of organic nanocrystals with a photon scanning tunneling microscope. [14] Our results are discussed in terms of efficiency and polarization properties. Further information about individual nanoparticles' orientation and coherent emission are derived within the defined image defocusing framework first 
Experimental
The experimental setup is described in Fig. 1 . The frequency-doubled output of an ultrashortpulse Erbium doped fiber laser (Menlo Systems TC1550, central wavelength 780 nm, bandwidth 9 nm, output power 45 mW, repetition rate 80 MHz, pulse duration 150 fs) is coupled with TE polarization under the resonance angle of -48 • into a tantalum pentoxide waveguide of thickness 159 nm on a 0.7 mm AF45 glass substrate by a lithographically manufactured grating structure (Balzers Optics, Liechtenstein, grating period Λ = 318 nm). The guided mode inside the plane waveguide has a lateral extension along the x-direction of 25 µm. TE laser polarization denotes an electric field vector along the x axis of the laboratory frame. The coupling efficiency into the waveguide is approximately 20%. Due to the limited spectral acceptance of the grating, the spectral bandwidth of the coupled pulses is reduced to 4 nm, leading to temporal stretching. Potassium-Titanyl-Phospate (KTiOPO4, KTP) powder (Cristal Laser S.A., Messein -France) was dissolved in demineralized water. A drop (1 µl) of the solution was dispensed onto the waveguide surface at some millimeters from the grating coupler where the solvent evaporated. The histogram of naocrystals size as determined by dynamic light scattering (Malvern Zetasizer NanoZS) is given in Fig. 2(a) inset. The superimposed log-normal fit indicates an average size of 185 nm. The SH radiation emitted by individual SHRIMPs was collected by a 40× magnification objective (Nikon, Plan Fluor ELWD 40x/0.60), spectrally filtered by a multi-photon fluorescence emission filter (Semrock, FF01-750SP, 380-720 nm passband), and detected by a CCD camera (pco.1600, 1200 x 1600 pixels, pixel size 7.4 µm). For polarization analysis, a polarizing plate (Schneider-Kreuznach, AUF-MRC) located in front of the camera sensor was rotated by an angle α, where α = 0 corresponds to transmitted x-polarization. Defocused images were acquired by an accurately defined displacement, de f , of the detection unit (objective, filter, CCD camera) and thus of the objective's focal plane with respect to the waveguide surface. Figure 3 (a) shows the power dependence of the normalized SH signal generated by these nanoparticles. The response exhibits a clear square dependence shown by the superimposed fit (thick line). This result supports the good spectral selection of the experiment, appreciable also from the extremely high contrast in the SH response of Fig. 2(c) . However, one can notice the absence in the SH image of the two nanoparticles encircled in Fig. 2 (b) although they are both within the excitation region. The lack of the SH counterparts for these particles cannot be trivially ascribed to a difference in size: this becomes apparent for the right particle, which presents a higher scattering intensity than the average under white light illumination. The missing SH signal of these particles is rather owing to an unfavorable orientation of their crystal axis with respect to the excitation light polarization.
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Polarization analysis
The polarization dependence of the nonlinear response of a nanocrystal can be calculated knowing the nonlinear susceptibility tensor of the material, χ (2) , and the particle orientation with respect to the laser polarization. [17] The induced nonlinear polarization components can be then defined as
Where the χ
i jk tensor is expressed in the laboratory frame and can be derived from the χ (2) ijk tensor in the crystal frame by
S iī being the components of the rotation matrix between the laboratory and crystal axes. [17, 18] KTP presents an orthorombic crystal structure, where the χ
zzz element is at least four times larger than any other tensorial contribution. [19] The particles highlighted in Fig. 2(b) very likely present an orientation of the crystal frame that leads to a vanishing result for Eq. 1, assuming an electric field vector aligned along x. For particles A − D, on the other hand, the SH response is generated quite efficiently.
The polarization of the corresponding P 2ω i vector is reported in Fig. 3(b) and (c) for particles D (△) and C ( ), respectively. The datapoints represent the SH intensity as a function of the analyzer angle α. Particle D (resp. C) presents a polarization response peaking at -10 • (-28 • ) and complete signal extinction for 80 • (60 • ), fulfilling the predictions of Malus' law as confirmed by the good agreement with the cos 2 fit (thick line). Starting from Eq. 1, we could simulate the curves in the right panel of Fig. 3 , which illustrate the theoretical SH intensity dependence for the two KTP nanocrystals as a function of excitation polarization (γ) and analyzer angle (continuous line α = 0, dashed line α = 90 • ). Unlike previous analysis carried out with tight focusing excitation [20, 19] , the evanescent wave polarization along x (γ = 0) cannot be simply changed in the present scheme. Therefore the Euler angles θ , ϕ, ψ determining the relative orientation of the crystal to the laboratory frame were inferred by matching the intensity of the experimental values obtained for α = 0 and α = 90 • (Fig. 3(b), (c) ) to the corresponding values assumed for γ = 0 by the simulated traces. Clearly, for a fixed value of γ, the 3-d orientation retrieval remains an under-determined problem. We therefore applied an additional empirical criterion to identify the in-plane crystal orientation ϕ among the ensemble of possible solutions by setting θ , ψ = 90 • accounting for the experimental bias represented by the most likely detection of intense SH radiation, that for KTP is associated to this orientation. In the next sub-section, we demonstrate that at least the uncertainty on the θ orientation can be lifted by inspecting the symmetry of the defocused emission pattern, on the other hand the determination of ψ given the experimental constrains and the relative magnitudes of KTP χ (2) tensor remains elusive within this approach. The best correspondence for the in-plane angle of particles D and C was finally found for ϕ D = −10 • (Fig. 3(d) ) and ϕ C = −37 • (Fig. 3(e) ).
Defocused imaging
As just mentioned, the fixed laser polarization of the approach presented above prevents a complete and rigorous orientation retrieval, nevertheless information about the out-of-plane angle θ of the nonlinear dipole can be derived by applying the theoretical model developed by J. Enderlein [16] and already used by Sandeau et al. for analyzing the defocused images of SHRIMPs. [19] Figure 2(d) reports the images obtained for particles A − D by displacing the focal plane of the collection objective by de f =20 µm from the substrate. One can see that, while particles C and D present a radial symmetric emission structure with concentric rings of different intensity, particles A and B are characterized by the presence of weaker intensity regions in their emission patterns (the upper right zone and the bottom half respectively for particles A and B ). In addition, in the series experimental images reported in the first row of Fig. 4 , measured by varying the de f parameter from 0 to 70 µm, a clear asymmetry is observable for any de f > 0 in the emission of the lower particle as opposed to the perfectly radial pattern of the upper one.
To understand the origin of these features, we performed a simulation modeling two close lying dipoles, radiating at twice the frequency of the laser (λ = 390 nm). The defocused images were elaborated taking into full account the imaging set-up, the CCD pixel dimension (7.4 µm), and the waveguide characteristics (n =2.092, 159 nm thickness sustained by a n =1.52 glass substrate). The in-plane and out-of-plane angles of the two dipoles were finally adjusted to obtain the best qualitative agreement with the experimental image. After this procedure, we could ascribe the difference in the symmetry of the two emission patterns principally to a difference in the out-of-plane angles θ . In the case of the upper one, the dipole orientation is parallel to the substrate and to the exciting polarization (θ 1 ≃ 90 • ), while for the lower one, θ presents a much larger out-of-plane component ((θ 2 ≃ 33 • )). A similar procedure can be repeated for the particles in Fig. 2(d patterns presented, although not always radial symmetric, systematically present a clear axial symmetry, testifying to the fact that the nonlinearly excited nanocrystals are characterized a single monocrystalline domain. [19] 
Coherent effects
One very intriguing characteristic emerging from all the images of Fig. 4 is the presence of interference fringes, occurring because of the coherent superposition of the SH emission of the two nanoparticles. Incidentally, analogous structures have been recently observed in the far-field scattering patterns generated by different portions of a micrometric rod. [21] Here interferences appear for small defocusing values as stripes in the region between the two particles and then develop as a dashed motif on the concentric rings of the emission pattern. The simulations capture even the finest details observed in the experimental images. The best agreement was obtained by convoluting the numerical results with a disk of two pixels radius, accounting for the smoothing effect of the not perfectly planar waveguide surface. As an additional proof of the genuine interpretation of the observed patterns as resulting from interferences and to rule out any alternative explanation based on some critical misalignment of the optical set-up, we provide in the third row of Fig. 4 the corresponding defocused images calculated by artificially switching-off the inter-particles interference term. The false color scales for any given de f value are respected in the simulations run with and without this contribution. From the comparison of both approaches with the experimental data, it immediately comes into sight that inter-particle interference plays an essential and unambiguous role in the definition of the observed pattern.
It is worth noting that -unlike the case of harmonic holography, where interferences are created with an external reference beam -we show here interferences originated directly among the nonlinear emissions of two distinct nano-objects for the first time. It should be also pointed out that the clear interference pattern of Fig. 4 is not easily observed. Most of the times, in fact, the latter presents complicated and nonsymmetric structures because of to the presence of several interfering nanoparticles and/or small aggregates. In these cases, the defocused images cannot be easily interpreted and modelled as the coherent superposition of a few, well defined, spatially separated dipoles.
Conclusions
This work proves the possibility to employ SHRIMP nanoparticles as molecular probes in experiments based on evanescent excitation, taking full advantage of their photostability and of their non-resonant optical response. High selective evanescent excitation at the substrate surface can be associated to nonlinear transverse resolution for imaging. In principle, for example, SHRIMPs can be used to probe the penetration of the evanescent field more efficiently than fluorescent beads for TIRF experiments. [22] Furthermore, we demonstrated that polarization analysis can be carried out under reasonable assumptions, and the dipole moments associated to individual crystals can be prospectively used as optical probes of the local field [9] in large areas of a waveguide for monitoring, for instance, cells membrane potential. Finally, and for the first time, we observed and numerically modeled the interferences generated from the nonlinear emission of distinct nanometric objects.
